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again, overexpression of Rfu1 potently 
inhibits the capacity of Doa4 to restore 
levels of monoubiquitin. The latter finding 
provides a neat molecular explanation for 
the heat sensitivity of cells overexpress-
ing Rfu1.
How are the opposing activities of Rfu1 
and Doa4 arbitrated during the response 
to heat stress? The answer is pleasing 
in its simplicity: Rfu1 mRNA and protein 
are downregulated, and Doa4 activity 
increases. This dual modulation assures 
the rapid increase in Doa4 activity nec-
essary to secure a continuous supply of 
monoubiquitin during heat stress.
What remains to be seen is how Rfu1 
inhibits Doa4 activity. Based on the obser-
vations that Rfu1 binds directly to Doa4 
and does not bind appreciably to K48- or 
K63-linked ubiquitin chains in vitro, Rfu1 
could interfere directly with Doa4 DUB 
activity. However, even when Rfu1 is pres-
ent in excess, the activity of Doa4 toward 
ubiquitin chains is not completely abro-
gated. These experiments suggest that 
Rfu1 may have a more complex mecha-
nism of action than that of a simple stoi-
chiometric inhibitor of Doa4. Could Rfu1 
be an allosteric inhibitor of Doa4? Does 
Rfu1 contain a low-affinity binding site 
for ubiquitin that shields ubiquitin chains 
from the grasp of Doa4? Regardless of 
the exact molecular mechanism, the dis-
covery of Rfu1, a natural DUB inhibitor, is 
a major step forward in understanding the 
complex ways in which cells ensure ubiq-
uitin homeostasis (Figure 1).
Another question concerns the sig-
nificance of free polyubiquitin chains. 
Kimura et al. propose that free polyubiq-
uitin chains are a reservoir that can be 
leveraged to supply monoubiquitin upon 
exposure to stress. However, securing 
polyubiquitin as a reservoir for monoubiq-
uitin is unlikely to be the sole function of 
Rfu1-mediated Doa4 inhibition, given that 
sufficient monoubiquitin levels would be 
more easily maintained by a constitutive 
DUB. One therefore wonders whether free 
polyubiquitin chains protected by Rfu1 
play additional roles. In unstressed cells, 
these chains may, for example, neutralize 
some members of the burgeoning family 
of polyubiquitin binding proteins.
Intriguingly, Rfu1 has weak similar-
ity to the mammalian DUBs AMSH and 
UBP8, but a human counterpart to Rfu1 
remains elusive. It is clear from the work 
of Kimura et al. that one role of Rfu1 is to 
provide the stimulus needed to maintain 
the reservoir of ubiquitin during stress-
ful times. It is reasonable to expect that 
similar mechanisms in other organisms 
will be identified that keep their ubiquitin 
economy on the right track.
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Male germ cells are induced to form from the epiblast of the mouse embryo by a combination of 
WNT and bone morphogenetic protein signals. Ohinata et al. (2009) now clarify the steps of mouse 
germ cell formation and use this genetic insight to direct the specification and differentiation of 
germline progenitor cells in vitro.In mouse embryos, the germ cell lineage 
emerges in the epiblast prior to the forma-
tion of the primary germ layers (ectoderm, 
mesoderm, and endoderm) at gastrula-
tion. Within the epiblast, progenitor cell 
populations are regionalized, heralding 
the establishment of the body plan. The 
progenitors of germ cells are localized 
to the very posterior part of the epiblast. 
During development, these cells give rise 
to the primordial germ cells (PGCs), which 398 Cell 137, May 1, 2009 ©2009 Elsevier Ithen migrate to the fetal gonad and differ-
entiate into germ cells. PGCs are unique 
in that they are highly specialized for the 
transmission of genetic information to the 
next generation. In work presented in this 
issue, Ohinata et al. (2009) examine the 
positive and negative signals in mouse 
embryos that specify the germ cell lin-
eage and use this knowledge to make 
germline progenitor cells from epiblast 
cells in vitro.nc.The cells that become PGCs are not 
intrinsically different from other cells 
in the epiblast, so it stands to reason 
that they are subjected to signals from 
the surrounding tissues that set some 
epiblast cells on the path toward the germ 
cell lineage. Studies of gene expression 
and analysis of mutant mouse embryos 
have shed light on the source and iden-
tity of these signals. The genes encod-
ing transforming growth factor β (TGF-β), 
bone morphogenetic protein 4 (BMP4) 
and BMP8b, are expressed in the extra-
embryonic ectoderm, which is adjacent 
to the region of the epiblast where PGCs 
arise (Figure 1). Mutant embryos that lack 
the activity of these genes or their intrac-
ellular mediators (such as Smad1, 4, and 
5) either do not have PGCs or have PGC 
populations that are markedly reduced 
(Loebel et al., 2003). The current challenge 
is to elucidate the molecular mechanisms 
that lead to the specification of PGCs.
Ohinata and colleagues have devised 
an in vitro culture protocol that integrates 
multiple signaling activities to induce the 
differentiation of epiblast cells into PGCs. 
To monitor the process of PGC forma-
tion, they used two transgenic fluores-
cent reporter genes whose expression 
is controlled by the upstream regulatory 
elements of the genes encoding Prdm1 
and Prdm14, which are expressed in 
PGC precursors. Prdm1 (also known as 
Blimp1) represses the transcriptional pro-
gram of somatic cells that counteracts 
germ cell specification (Kurimoto et al., 
2008), and Prdm14 acts independently 
of Prdm1 to activate pluripotency genes 
(Yamaji et al., 2008). Ohinata et al. show 
that epiblast cells in which these reporters 
are induced express germ cell-specific 
genes in an appropriate sequence and 
display chromatin modifications char-
acteristic of germ cells (Figure 1). In an 
amazing technical feat, they demonstrate 
that these epiblast-derived primordial 
germ cells (epiPGCs) are able to generate 
sperm when transplanted into testicular 
tubules. These epiPGC-derived sperm 
can even fertilize eggs to produce viable 
mice. Considering that the epiblast may 
be derived from both male and female 
embryos, it remains to be shown whether 
epiPGCs that give rise to oocytes can be 
induced and maintained in vitro.
Ohinata et al. further show that expres-
sion of Prdm1 is activated only in explants 
of epiblast cultured together with the 
extraembryonic ectoderm, thereby con-
firming that the essential BMP signals 
come from the extraembryonic ectoderm. 
A previous study suggested that PGC 
formation requires the activity of a BMP 
receptor called ALK2 (activin receptor-like 
kinase 2) (de Sousa Lopes et al., 2004), 
which is expressed in visceral endoderm 
(Pfister et al., 2007). The study by Ohi-
nata et al. contradicts this and shows that figure 1. Induction of Mouse Primordial Germ cells
(A) In the pre-gastrula stage embryo, there is a zone (brown domain) in the posterior region of the epiblast 
showing a high level of bone morphogenetic protein (BMP) (yellow domain) and WNT (blue domain) sig-
naling. This area is established by the expression of Bmp4 and Bmp8b (area marked by red dashed line) 
in the extraembryonic ectoderm, Wnt3a expression in the epiblast (area marked by blue dashed line), and 
the antagonistic signals emanating from the anterior visceral endoderm (Pfister et al., 2007). Some cells 
localized within this zone acquire the potential to generate primordial germ cells (PGCs). Cells from other 
regions of the epiblast that are relocated to this zone can become PGCs, whereas those removed from 
this zone to ectopic sites lose this potential (Tam and Zhou, 1996). 
(B) Based on these embryological findings, Ohinata et al. (2009) devise an in vitro culture protocol using 
BMP4, WNT3A, and BMP8b to induce the formation of PGCs from epiblast cells. In response to these 
signals, epiblast cells display a sequence of gene expression and epigenetic remodeling reminiscent of 
PGCs in vivo.BMP4 can signal directly to the epiblast, 
although this may be due in part to artifi-
cially high levels of BMP4 used in culture.
Differentiation of the epiblast is also 
subject to the activity of another signal-
ing pathway. By studying a mouse mutant, 
Ohinata et al. discover that WNT signaling 
via Wnt3, which is expressed in a posterior 
domain of the visceral endoderm and the 
epiblast (Pfister et al., 2007), is essential for 
PGC formation. Given that the addition of 
a recombinant WNT protein to the epiblast 
in culture does not induce PGC formation 
unless BMP is also present, it seems that 
WNT signaling enables epiblast cells to 
respond to BMP to form PGCs (Figure 1).
Although the culture experiments point 
to the ability of BMPs and WNTs to induce 
the PGCs, it is not clear how PGC forma-
tion is restricted to a particular regional 
population of epiblast cells. We know that 
WNT and Nodal signaling confers a pos-
terior identity to cells of gastrula stage Celembryos and that these signals are coun-
teracted by antagonists originating from 
the anterior visceral endoderm. The study 
by Ohinata et al. now provides some evi-
dence that the anterior visceral endoderm 
is also a source of negative signals restrict-
ing PGC formation. Mouse embryos lack-
ing Bmp8b fail to form germ cells and 
display an expanded domain of gene 
expression characteristic of the anterior 
visceral endoderm. Explants of epiblast 
that still have visceral endoderm associ-
ated with them do not make PGCs even 
in the presence of BMP4, but this block in 
PGC specification can be overcome when 
BMP8b is added to the culture. Although 
the authors do not directly show this, the 
primary role of BMP8b may be to restrict 
the antagonistic influence of the anterior 
visceral endoderm on the response of 
the epiblast to BMP4 induction (Figure 1). 
The mechanism by which BMP8b might 
accomplish this, however, is not known.l 137, May 1, 2009 ©2009 Elsevier Inc. 399
Interpreting the phenotypic conse-
quences of alterations in BMP signaling 
is often confounded by disruptions to the 
formation of the anterior visceral endo-
derm. To date, a mouse mutant that forms 
excessive PGCs has yet to be found, rais-
ing the question of whether there is an 
activity that suppresses the specifica-
tion of the germline in vivo. In this regard, 
embryos that lack the fibronectin leucine-
rich transmembrane protein 3 (Flrt3), 
which is required for maintaining a proper 
basal membrane, may be useful to road-
test the hypothesis that the anterior vis-
ceral endoderm has a negative influence 
on PGC formation. Although Flrt3 null 
mutant embryos form an anterior visceral 
endoderm with intact signaling activity, 
they fail, like other mutant embryos that do 
not have an anterior visceral endoderm, 
to restrict the epithelial-mesenchymal 
transition and induction of mesoderm to 
the posterior epiblast (Egea et al., 2008). It 
would be interesting to find out if there are 
more PGCs in embryos deficient in Flrt3 
than in wild-type embryos.
Putting the data together, it appears 
that positive and negative signals inter-
act with each other to direct PGC forma-
tion. To form PGCs, the epiblast must 400 Cell 137, May 1, 2009 ©2009 Elsevier In
Much of the eukaryotic genome is pack-
aged into nucleosomes. A striking find-
ing from recent studies that map the 
positions of nucleosomes in eukaryotes 
is that within gene promoters there is 
usually a short (typically 50–150 bp) 
region of DNA that has a lower density of 
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Recent mapping of nucleosome 
tional regulation. Hartley and M
show that a chromatin regulator 
of genes in the budding yeast Sareceive signals (principally BMP4) from 
the extraembryonic ectoderm. How-
ever, in order to interpret these signals 
correctly, epiblast cells require WNT 
signaling from the posterior tissues of 
the embryo. Negative signals from the 
anterior visceral endoderm ensure that 
only a small proportion of epiblast cells 
become PGCs. Countering this negative 
signal, BMP8b might limit the influence 
of the anterior visceral endoderm on the 
epiblast cells, thereby enhancing their 
ability to respond to BMP4 and WNT3.
In order to use pluripotent stem cells in 
prospective therapies or to analyze lin-
eage-specific functions, it is necessary 
to have the ability to generate specific 
types of cells or tissues through directed 
cell differentiation. The most effective 
approach for achieving this is to recapit-
ulate in vitro the signals that regulate the 
differentiation of specialized cell types, 
such as neurons or pancreatic beta cells 
(Wichterle et al., 2002; Kroon et al., 2008). 
The successful induction of PGCs from 
the epiblast provides a vivid example of 
how principles established from basic 
embryology and genetic research can 
be applied to the differentiation of stem 
cells in an in vitro system.c.
nucleosomes. This has been termed the 
nucleosome-free region (NFR) (Figure 1). 
Although the relative location of the tran-
scription start site within the NFR differs 
depending on the organism, the position 
of the nucleosome closest to the 5′ end 
of the gene (+1 nucleosome) is tightly 
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In this issue, Hartley and Madhani (2009) 
examine the mechanisms that determine 
the structure of nucleosomes that flank 
NFRs, revealing an important role for 
the chromatin-remodeling complex RSC 
(remodels structure of chromatin).
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